Adaptation to different environments can promote population divergence via natural selection even in the presence of gene flow -a phenomenon that typically occurs during ecological speciation. To elucidate how natural selection promotes and maintains population divergence during speciation, we investigated the population genetic structure, degree of gene flow and heterogeneous genomic divergence in three closely related Japanese phytophagous ladybird beetles: Henosepilachna pustulosa, H. niponica and H. yasutomii. These species act as a generalist, a wild thistle (Cirsium spp.) specialist and a blue cohosh (Caulophyllum robustum) specialist, respectively, and their ranges differ accordingly. The two specialist species widely co-occur but are reproductively isolated solely due to their high specialization to a particular host plant. Genomewide amplified fragment-length polymorphism (AFLP) markers and mitochondrial cytochrome c oxidase subunit I (COI) gene sequences demonstrated obvious genomewide divergence associated with both geographic distance and ecological divergence. However, a hybridization assessment for both AFLP loci and the mitochondrial sequences revealed a certain degree of unidirectional gene flow between the two sympatric specialist species. Principal coordinates analysis (PCoA) based on all of the variable AFLP loci demonstrated that there are genetic similarities between populations from adjacent localities irrespective of the species (i.e. host range). However, a further comparative genome scan identified a few fractions of loci representing approximately 1% of all loci as different host-associated outliers. These results suggest that these three species had a complex origin, which could be obscured by current gene flow, and that ecological divergence can be maintained with only a small fraction of the genome is related to different host use even when there is a certain degree of gene flow between sympatric species pairs.
Introduction
Adaptation to different environments can promote population divergence by preventing gene exchange between populations, a process known as ecological speciation (Rundle & Nosil, 2005; Matsubayashi et al. 2010) . Under this type of speciation, the degree of population divergence coincides with the degree of ecological divergence (Nosil 2012, pp. 9-10) , making it a good arena for elucidating the ecological and genetic mechanisms of population divergence by divergent adaptation.
As ecological speciation often involves rapid and multiple population divergences alongside adaptation to different environments, it is associated with two unique expectations in terms of the genetics of speciation. The first of these is the presence of gene flow between diverging taxa. Recent studies have suggested that ecological divergence between populations can occur even in the presence of ongoing hybridization (Mallet, 2005; Reieseberg, 2009; Pinho & Hey, 2010; Martin et al. 2013) . Indeed, this 'divergence with gene flow' (Rice & Hostert, 1993) has been reported in several well-documented systems, including flowering plants (Osborne et al., 2013; Renaut et al., 2014; Stankowski et al., 2015) , mammals (Gim enez et al., 2013) , fishes (Gagnaire et al., 2013; Keller et al., 2013) , birds (Pavlova et al., 2013; Rodr ıguez-G omez et al., 2013; Palmer & Kronforst, 2015) , salamanders (Niemiller et al., 2008) , snails (Butlin et al., 2014) and insects (Turner & Hahn, 2010; Via, 2012; Nadeau et al., 2013; Gompert et al., 2014) , indicating its generality .
Divergence with gene flow requires that divergent selection is able to overcome the homogenization of those genes that are responsible for the divergence (i.e. genes related to reproductive isolation) between populations. Thus, it allows us to test the role of selection and to detect the gene and phenotype that are responsible for the population divergence. Divergence with gene flow also enables natural selection to cause genomic divergence between populations. Phenotype-specific selection leads to selection bias in the amount of introgression for each locus that corresponds to the degree of divergent selection (i.e. locus-specific divergence). It was recently argued that different selective regimes between populations maintain the divergence of selected loci even in the presence of moderate gene flow, whereas divergence is often smaller or absent in nonselected neutral loci (Feder et al., 2012; Nosil & Feder, 2013) . This heterogeneous genomic divergence between populations, which is often referred to as a genomic island, is now accepted as a general phenomenon in the process of speciation (Wu 2001; Turner et al. 2005; Harr 2006; Turner & Hahn 2007; Nosil et al., 2009; Nadeau et al., 2012) . The genome scanning technique has been broadly applied to various wild organisms to detect heterogeneous genomic divergence between recently diverging taxa (Wilding et al., 2001; Campbell & Bernatchez, 2004; Emelianov et al., 2004; Bonin et al., 2006; Grahame et al., 2006; Joost et al. 2007; Scheffer & Hawthorne, 2007; Egan et al., 2008; Nosil et al., 2008; Wood et al., 2008; Mattersdorfer et al., 2012; Smadja et al. 2012) . In general, loci that are subjected to divergent selection are expected to show higher levels of differentiation than those experiencing weak or no selective pressure (Beaumont & Nichols, 1996; Beaumont & Balding 2004; Beaumont, 2005) . Thus, loci that have significantly diverged beyond the background level of genomic divergence (i.e. outlier loci) are considered to be putative candidate targets of selection or linked to these. Thus, the genome scanning technique enables us to distinguish genomic regions that are under selection and so may cause speciation from those without selection.
The second expectation in the genetics of ecological speciation is that diverged taxa could have a complex origin. As ecological speciation occurs via local adaptation to a specific environment, species with similar phenotypes could arise several times if natural selection promotes the evolution of converged phenotypes that are suited to similar environments (Grant & Grant, 2011) . Multiple formations of phenotypically similar species have been reported in several taxa, including the stickleback Gasterosteus aculeatus (Schluter & Nagel, 1995; Rundle et al., 2000) , the European whitefish Coregonus lavaretus (Østbye et al., 2006) , the freshwater isopod Asellus aquaticus (Hargeby et al., 2004) , the intertidial gastropod Littorina saxatilis (Quesada et al. 2007) and the walking stick insect Timema cristinae (Nosil et al., 2002; ) . In addition to such parallel origins, the admixing effect of intensive gene flow further confers ambiguity on the phylogenetic relationships of closely related taxa (Bierne et al., 2013a; Butlin et al., 2014) . Thus, inferring the history of speciation in species that exhibit divergence with gene flow is a particular challenge when investigating the genetics of speciation.
In this study, we investigated the genetic structure and degree of gene flow in three closely related sister species of phytophagous ladybird beetles, Henosepilachna pustulosa (Kôno), H. niponica (Lewis) and H. yasutomii Katakura, which differ in their host ranges. Henosepilachna pustulosa occurs only in Hokkaido, northern Japan, where it feeds on both wild thistles (Cirsium spp., Asteraceae) and blue cohosh (Caulophyllum robustum Maxim., Berberidaceae) ( Fig. 1) (Katakura, 1981 (Katakura, , 1997 Yamaga & Ohgushi, 1999) . By contrast, H. niponica is distributed continuously from the southwestern part of Hokkaido to the western end of Honshu, where it feeds on some species of wild thistles of the genus Cirsium. Finally, H. yasutomii is distributed sporadically from eastern Hokkaido to the centre of Honshu, where it mainly feeds on blue cohosh but also uses plants other than thistle as subsidiary hosts (Katakura, 1981 (Katakura, , 1997 Hoshikawa, 1983; Fujiyama et al., 2005) . Thus, H. pustulosa behaves as a generalist, whereas H. niponica and H. yasutomii behave as specialists on either of the two host plants, thistles or blue cohosh. The distributions of the two specialists widely overlap, but do not overlap with that of the generalist H. pustulosa (Fig. 1) . All three species are generally univoltine and pass the winter as adults. Post-hibernating adults appear on their respective host plants in early spring, where they feed, mate and lay eggs on the host leaves. New adults then emerge from early to mid-summer and enter dormancy/hibernation in late summer. The phenology of each beetle species is roughly consistent with that of its respective host plant (Kimura & Katakura, 1986 ; T. Koizumi unpublished data). The two sympatric specialist species differ in body size and shape, whereas the allopatric H. pu stulosa has a body size and shape that overlaps with both of these species (Katakura, 1981) .
Our previous studies on the reproductive isolation of these beetle species suggested that there was no significant isolating barrier aside from genetically based preferences to and performance on different hosts between the two specialist species (Katakura et al., 1989; Katakura & Hosogai, 1994 Katakura, 1997; Kuwajima et al., 2010) , which causes them to persistently occur on different host plants in the wild (T. Koizumi et al. unpubl. data) and even in small field cages (Hirai et al. 2006) . As the generalist species has several traits that are morphologically and ecologically intermediate between the two specialists, it was expected to be a common ancestor or hybrid of these species. However, a molecular phylogenetic analysis of partial sequences of the mitochondrial cytochrome c oxidase subunit 1 (COI) gene found no clear genetic differences between the three species, indicating introgression and/or recent radiation (Kobayashi et al. 2011) . However, as that study focussed on specieslevel phylogeny and gene flow estimates, the population-level genetic structure and extent of gene flow in these species remains unclear.
The unique aspect of this system is the direct association between ecological divergence and the degree of reproductive isolation, as well as the existence of a generalist that exhibits a host range that is intermediate to that of the two specialists. Therefore, in this study, we investigated the genetic population structure and genomic divergence of these species and then assessed both the amount and direction of gene flow between species based on an amplified fragment-length polymorphism (AFLP) genome scan and the mitochondrial gene sequence.
Materials and methods

Beetle collection and mitochondrial sequencing
In June 2009, we collected overwintered adult ladybird beetles on their respective host plants from eight populations across six localities, including two specialist species pairs from two distinct sympatric localities, Ohnuma and Sendai (Fig. 1, Table S1 ). We identified the collected beetles based on their morphology, host plant and distribution. In this report, we use the following abbreviations to denote the beetle species and sampling localities: P, H. pustulosa; N, H. niponica; Y, H. yasutomii; SP, Sapporo; TY, Toyoura; ON, Ohnuma; SD, Sendai; AB, Aizu; and ID, Iida (Table S1 , Fig. 1 ). Thus, for example, the code PTY refers to H. pustulosa from Toyoura.
Wild-caught adult beetles were individually placed in absolute alcohol and then stored in a À40°C freezer. The DNA was extracted individually from the flight muscle tissue of each specimen using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA).
For mitochondrial gene sequencing, we amplified partial sequences of the COI gene region using the primers 5 0 -TTTACCGCCTAATTCAGCCA-3 0 (forward) and 5 0 -TCGRTCWGTTAAWARTATAG-3 0 (reverse) (Lunt et al., 1996; Kobayashi et al., 1998 
sample DNA. The reaction conditions were 1 min at 94°C; 30 cycles at 94°C for 30 s, 45°C for 30 s and 72°C for 1 min; and a final step at 72°C for 7 min. The PCR products were purified using Boom's protocol (Boom et al. 1990 ). Dye terminator cycle-sequencing reactions were performed with the BigDye Terminator Cycle Sequencing Kit Ver. 3.1 (Applied Biosystems, Waltham, MA, USA), and the products were analysed on an ABI 3730 DNA Analyzer (Applied Biosystems). The sequences were checked visually and aligned by Clustal W in MEGA 6.05 .
AFLP protocols and error rate control
For AFLP (Vos et al., 1995) , the DNA quality was verified by electrophoresis in 0.75% agarose gels. The sample DNA was then quantified using GeneQuant 1300 (Biochrom, Ltd., Cambridge, UK) and standardized to 50 ng lL À1 . The AFLP method was performed using the AFLP Plant Mapping Kit (Applied Biosystems) following the manufacturer's protocol. Selective amplification was performed using eight primer combinations: (EcoRI+/MseI+) AC/CTA, AC/CTT, TC/CTT, TG/CTG, TA/ CTC, TA/CAA, AA/CAA and AT/CAG. The selective PCR products of three different dyes were loaded simultaneously with a GeneScan TM 500 ROX TM size standard in an ABI 3730 DNA Analyzer (Applied Biosystems). Fragment analysis and AFLP scoring were then performed using GENEMAPPER 4.0 (Applied Biosystems).
To ensure the reliability of AFLP locus detection, each of the steps in the AFLP reaction was independently replicated for 34 randomly chosen individuals of 232 samples (i.e. 14.6% of the final data set) to eliminate nonreproducible bands. To determine the repeatability of the AFLP protocol and scoring method, AFLP profile data were reanalysed using PEAKSCANNER 1.0 (Applied Biosystems) and the repeatability for each locus was calculated using the automated scoring system RAWGENO 2.0 (Arrigo et al., 2012) in R 2.15.1 (R Developmental Core Team 2012). The minimum repeatability of individual loci across replicate samples was set to more than 90% for each selective primer combination in the RAWGENO settings (scoring range = 150-500 bp, minimum intensity = 100 relative fluorescent units [RFU], reproducibility limit = 85%, minimum bin width = 1 bp, maximum bin width = 1.5 bp). Markers that were thought to be contributing high error rates to the data set were excluded to make the final error rate < 10%, following the recommendation of Bonin et al. (2007) .
Population diversity and population divergence
The number of unique haplotypes in the COI gene sequence was detected with DAMBE 5 (Xia & Xie, 2001 ). The molecular diversity of the COI gene region in each sample population was assessed by calculating the haplotype diversity (h) and nucleotide diversity (p), whereas that of the AFLP loci was assessed by calculating the expected mean heterozygosity and average gene diversity across loci with ARLEQUIN 3.512 (Excoffier & Lischer, 2010) . The population pairwise divergence in the COI gene was estimated from the net betweenpopulation genetic distances (d XY ) with MEGA 6 and the population pairwise F ST with ARLEQUIN, whereas the population pairwise divergence in the AFLP loci was assessed using Nei's genetic distances and population pairwise F ST with 1000 bootstrap replications with AFLP-SURV 1.0 (Vekemans et al., 2002) .
Hybridization assessment between sympatric specialist species
To investigate the locality-specific migration rate for the two pairs of sympatric species populations, the historical migration rate (m) between the two specialist species (i.e. H. niponica and H. yasutomii) in the two sympatric localities (i.e. Ohnuma and Sendai) was estimated based on the mitochondrial gene sequences using a coalescent-based approach with an isolationwith-migration analysis (IMa) (Hey & Nielsen, 2004) . We used a Metropolis-coupled Markov chain Monte Carlo simulation under the Hasegawa-Kishino-Yano substitution model (Hasegawa et al., 1985) to generate posterior probability densities for two demographic parameters: mutation-scaled population size (h) and historical migration rate (m). We further calculated the mutation-scaled migration rate in haploid individuals (2Nm) as the product of h 9 m. The simulations had the following settings: cycles for 5 000 000 generations with 500 000 burn-ins, max M value = 20 and max T value = 1 (selected after preliminary simulations with various max T values ranging from 0.1 to 20 to find the optimal value).
The IMa runs were repeated five times to assess the robustness of simulations under the same parameter settings. It has recently been suggested that if there is a small number of loci (i.e. data) and low genetic divergence between test populations (i.e. SDLD), gene flow estimates can include false positives in IMa and related programs (Cruickshank & Hahn 2014) . Therefore, to avoid this problem, we tested the results of normal IMa runs by performing additional runs with the jointdistribution option for all model parameters, following the suggestion of Hey et al. (2015) . This option requires a much longer calculation time, but is robust and a feasible solution to the SDLD problem.
In addition, we performed a maximum-likelihoodbased gene flow estimate with MIGRATE 3.2.1 (Beerli, 1998 (Beerli, , 2006 Beerli & Felsenstein, 1999 ). We used a coalescent-based Markov chain Monte Carlo approach to generate maximum-likelihood values for demographic parameters and again calculated the mutation-scaled migration rate (2Nm) from the estimated parameter values. We set MIGRATE runs to 100 000 steps with 10 000 burn-ins. Because MIGRATE calculates h (and the migration rate) from the mutation rate per site, as opposed to per locus with IMa, we scaled these by multiplying (or dividing) the values obtained with MIGRATE by 1,064 (the number of COI sites).
We also tested the direction of gene flow between the two specialist species at the two sympatric localities using the likelihood ratio test, as implemented in these programs. Both methods estimate log-likelihood ratio values for given migration models and allow the most reasonable model to be selected from multiple hypotheses. In this case, we tested four different models for the amount of migration between these two species: model 1, m1 = 0, indicating zero migration from H. niponica to H. yasutomii; model 2, m2 = 0, indicating zero migration from H. yasutomii to H. niponica; model 3, m1 = m2 = 0, indicating zero migration in both directions between species; and model 4, m1 = m2 6 ¼ 0, indicating an equal and nonzero level of migration between species. All of these models assumed different mutation-scaled population sizes of the two test populations and their ancestor. We used the L-mode option in IMa based on 1000 generated trees in the previous IMa run (M-mode) with the joint-distribution option for all model parameters. We also used the likelihood ratio test option in MIGRATE. For model 4, we set the amount of gene flow as the hypothetical average of the previously calculated migration rate for both directions.
The number of hybrid individuals (i.e. the contemporary migration rate) was estimated using a maximumlikelihood-based hybrid index calculation with FAMD 1.3.1 (Schl€ uter & Harris, 2006) , which uses a similar algorithm to HINDEX 1.42 (Buerkle, 2005) . The hybrid index was calculated for each individual against the reference genotypes of two previously specified groups (in this case, H. niponica was set to 1 and H. yasutomii was set to 0). We assessed the hybrid index for the two sympatric specialist species pairs from Ohnuma and Sendai based on all of the obtained AFLP loci. Because the hybrid index was estimated with a 95% confidence interval, individuals exhibiting a confidence interval that did not overlap with 0 or 1 were considered putative hybrid individuals.
Outlier detection and categorization of AFLP loci
Loci that were statistically differentiated beyond neutral expectation were considered outliers. These outlier loci could be a genomic signature of selection and drift. Due to repeated expressions of concern over high false discovery rates (i.e. type-I errors) by outlier detection Caballero et al. 2008; P erez-Figueroa et al., 2010; Bierne et al., 2013b) , we applied the Bayesian method to detect outlier loci with BayeScan 2.1 (Foll & Gaggiotti, 2008) , which takes all of the loci into account during the analysis and is more robust than other programs when dealing with complex demographic scenarios for neutral genetic differentiation (P erez-Figueroa et al., 2010) . For the Markov chain, default parameters were used and a threshold of false discovery rate of < 0.05 was applied to detect the outliers. The program was run twice to cheque the robustness of the simulations.
We detected outliers in each of the following comparisons, irrespective of geographic locality (i.e. population): 'Among-species comparison (P-N-Y)', 'thistle (Th)-specialist vs. generalist comparison (N-P)', 'Blue cohosh (Bc)-specialist vs. generalist comparison (Y-P)' and 'Th-specialist vs. Bc-specialist comparison (N-Y)'. We also performed a 'within-species comparison' (PSP-PTY; YON-YSD-YID; and NON-NSD-NAB), which considered outliers in relation to geographic variation irrespective of the different host ranges. We then defined different host-specific outliers as those outliers that were detected in the among-species comparisons, each generalist-specialist comparison or the specialistspecialist comparison, but were not detected in the within-species comparisons. We treated the different host-specific outliers as candidate loci for different host uses (i.e. DH outliers) and within-species outliers as noncandidate loci for different host uses (i.e. other outliers). Thus, for example, outliers that were detected in the thistle (Th)-specialist vs. generalist comparison were considered candidate loci that are linked to the genomic region that is responsible for the use of blue cohosh. We further defined putatively neutral loci by subtracting these two outliers from all of the AFLP loci as 'nonoutlier loci'. We used these four focal classes of AFLP loci (all loci, DH outliers, other outliers and nonoutliers) in the following analysis.
Population genetic structure and phylogenetic relationship
A median-joining haplotype network was constructed based on the COI haplotypes with NETWORK 4.612 (Fluxus Technology Ltd 2011 , cited in Bandelt et al. 2011 ). The population genetic structure was visualized by a principal coordinates analysis (PCoA) that was conducted using all of the AFLP loci. The PCoA was performed based on Jaccard's similarity coefficient for pairwise comparisons among all individuals using FAMD 1.3.1.
Effects of geography and ecology on genetic divergence
To assess heterogeneous genomic divergence, we investigated the correlation between genetic divergence and ecological divergence (i.e. different host uses) by applying the procedure proposed by Nosil et al. (2008) . Here, we used a multiple matrix regression with randomization (MMRR) analysis with R 2.15.1 to examine the independent effects of two explanatory variables (i.e. geographic distances and ecological distances) on a response variable (i.e. genetic distances) using a regression-based analysis with a randomized permutation procedure for multiple distance matrices (Wang, 2013) . MMRR is an improved version of the Mantel test (Manly, 1997) and is reliable for various situations involving wild data (Wang, 2013) . As with the measurement of population pairwise genetic divergence, we used Nei's D and F ST based on the mitochondrial COI sequences and three focal classes of AFLP (i.e. DH outlier, other outlier and nonoutlier loci).
The geographic distances between populations were estimated using Google Earth 7.1.2 (Google Inc. 2013, GOOGLE MAPS). We set distances between the closely adjacent populations NON and YON as 5 km and NSD and YSD as 0.01 km from observed field data. The ecological divergence was simply estimated as the host range divergence of these three species and was set at 0 for the same species comparison (i.e. within species), 0.5 for the generalist-specialist comparison (P vs. N and P vs. Y) and 1 for the specialist-specialist comparison (N vs. Y). These simple estimates are consistent with previous host-use assessments based on adult host acceptance, adult host preference and larval host performance in these species (Katakura et al., 1989; Katakura & Hosogai, 1994 Ueno et al. 1997 Ueno et al. , 2003 Matsubayashi & Katakura, 2012) .
Results
Genetic diversity and genetic divergence among populations
We detected 17 haplotypes of the 1,064-bp mitochondrial COI gene sequence (GenBank accession numbers: LC228582-LC228600) from 222 individuals across the three beetle species (Table S2) . Each of these species possessed a small number of haplotypes and demonstrated a variable haplotype diversity (h) ranging from 0.0909 (YID) to 0.6594 (NAB). The nucleotide diversity (p) within populations was generally small, ranging from 0.0001 to 0.0022 (Table S3 ). The population pairwise F ST was generally high among populations irrespective of the host used (Table S4) . Of 28 population pairwise estimates, only one pair demonstrated a nonsignificant F ST between sympatric specialist species (F ST = 0.0616 between NON and YON). By contrast, most of the genetic distances (d XY ) among populations were very small (from 0 to 0.0028).
In the AFLP analysis, we detected 496 polymorphic loci of a total of 698 repeatable loci from 232 individuals. The final percentage repeatability was 94.88%. All of the population pairwise comparisons had significant F ST values. Large F ST values and small genetic distances (Nei's D) among populations were also consistently detected in the AFLP loci (Table S5) .
Hybridization assessment between sympatric specialist species
Because the estimated demographic parameters were very similar between the five replicated normal runs (Fig. S1 ) and the two replicated runs with the joint-distribution option, we showed a result of the simulations for both the IMa and MIGRATE analyses (Table 1) and then used the highest point in IMa and the maximumlikelihood estimate (MLE) value in MIGRATE for subsequent calculations.
The mutation-scaled historical migration rate (2Nm) revealed a restricted but still present degree of mitochondrial migration, which was highly biased in the direction of H. yasutomii to H. niponica (IMa: 73.98 in Ohnuma and 0.121 in Sendai; MIGRATE: 12.7 in 
Ohnuma and 0.0694 in Sendai) compared with the opposite direction (IMa: 0.015 in Ohnuma and 0.0019 in Sendai; MIGRATE: < 0.0001 in Ohnuma and < 0.0001 in Sendai) in both sympatric localities with respect to forward time. The likelihood ratio tests for both IMa and MIGRATE for the two sets of specialist pairs further supported this unidirectional gene flow from H. yasutomii to H. niponica (i.e. model 1, m1 = 0) ( Table 2 ). The L-mode option of IMa was more permissive than MIGRATE and rejected only model 3 (equal nonzero migration) at Ohnuma. By contrast, the likelihood ratio test in MIGRATE rejected most of the possible migration models, with the exception of model 1 at Ohnuma, and models 1 and 3 at Sendai. Based on a comparison of the Akaike information criteria (AIC) values in MIGRATE, we determined that the most reasonable model for the two sets of specialist species pairs was model 1.
The maximum-likelihood-based hybrid index based on AFLP loci also indicated that there was a certain degree of hybridization in both sympatric localities (Fig. 2) . The average frequency of hybrid individuals in Ohnuma was 3.20% (no hybrid individuals in H. niponica and two hybrid individuals in H. yasutomii). This result was consistent with that in Sendai, where the average frequency of hybrid individuals was 3.22% (no hybrid individuals in H. niponica and one hybrid individual in H. yasutomii).
Outlier detection and categorization of AFLP loci
We detected several outliers using BayeScan: seven outliers in the among-species comparison; no outliers in the Bc-specialist vs. generalist comparison; no outliers in the Th-specialist vs. generalist comparison; and two outliers in the specialist vs. specialist comparison. One outlier was detected in both the among-species comparison and Th-specialist vs. generalist comparison (see A536 in Fig. S2 ). In total, eight DH outliers occupied 1.15% of all loci and seven other outliers occupied 1.00% of all loci, with the remaining 97.85% of loci (683 of 698 loci) being nonoutlier loci. Both classes of outlier loci demonstrated larger F ST values (0.467 and 0.419 for DH outliers and other outliers, respectively) than the other two classes of loci (0.161 and 0.144 for all loci and nonoutlier loci, respectively). 
Population genetic structure and phylogenetic relationship
The median-joining network based on mitochondrial COI gene haplotypes revealed a small star-like topology (Fig. 3) . All three species shared one haplotype (H07), whereas the two specialist species also shared another haplotype (H08) ( Table S2) . PCoA based on all AFLP loci revealed that there was geographic cohesion of individuals and populations rather than species (i.e. host ranges) (Fig. 4) . Although the clustering was generally not very obvious, there were three perceptible geographic clusters: populations from Hokkaido, northern Honshu and mid-eastern Honshu.
Effects of geography and ecology on genetic divergence
The MMRR analysis revealed a significant pattern of isolation by distance for both Nei's D and F ST in the nonoutlier AFLP loci (r = 0.0075, t = 4.115, P = 0.005; and r = 0.043, t = 3.277, P = 0.006, respectively) and for Nei's D in the mitochondrial genes (r = 0.0004, t = 2.525, P = 0.023) (Table 3) . However, there was no significant correlation between ecological divergence and genetic divergence, aside from for F ST in the DH outliers (r = 0.377, t = 2.366, P = 0.017).
Discussion
Genetic divergence and gene flow between species
The three closely related phytophagous ladybird beetles H. pustulosa, H. niponica and H. yasutomii showed obvious genetic divergence among species and populations that was associated with both the host range and the geographic distance in the AFLP analysis. This genetic divergence was even detected between the two sympatric specialist species H. niponica and H. yasutomii within two geographically separated sets of sympatric population pairs (Fig. 2, Table S5 ), indicating the large effect that different host use currently has on preventing gene flow. Previous studies have repeatedly shown that habitat isolation has made a large contribution to co-existence of these two specialist species (Katakura et al., 1989; Katakura & Hosogai, 1997; Hirai et al. 2006) , and our results provide further convincing evidence that different host preferences have driven and maintained species differentiation. This direct association between ecological divergence and reproductive isolation is a typical phenomenon in several specialist parasites, including parasitic plants (Giraud et al., 2010) , parasitic wasps (Stelinski & Liburd, 2005) , leaf mites (Skoracka et al., 2013) and various phytophagous insects (Berlocher & Feder, 2002; Dr es & Mallet, 2002; Funk et al., 2002) .
Despite this obvious genetic divergence, we also detected a certain degree of gene flow in both the mitochondrial COI gene and AFLP loci. The mitochondrial gene demonstrated that there is unidirectional gene 
flow from H. yasutomii to H. niponica in both sympatric localities (Ohnuma and Sendai; Table 1 ). As the mitochondrial gene is maternally inherited, this suggests that the hybrid offspring of H. yasutomii females tend to move to the H. niponica population (i.e. onto thistles). Unidirectional gene flow from H. yasutomii to H. niponica is consistent with the inference made from a previous among-species IMa analysis of these three species (Kobayashi et al., 2011) . The hybrid index based on AFLP loci further detected certain frequencies of hybrids (Fig. 2 ) that were almost identical in the two sympatric localities (3.32% in Ohnuma and 3.39% in Sendai), indicating that this level of contemporary hybridization may be a widespread occurrence across the sympatric range of these species. Because we used rather a strict definition to determine hybrid individuals, requiring the hybrid index to have a 95% confidence interval that was completely separate from the pure reference group values, the detected hybrids exhibited strong signatures of hybridization. Thus, these individuals are very recent hybrids -possibly F 1 hybrids or backcrosses -providing good evidence for recent continuous hybridization between these sympatric specialists. It should be noted that this hybrid frequency is not directly comparable with the mutation-scaled migration rate (Nm), but that a nearly continuous hybridization level of 3% will definitely affect the gene pools of both species. Interestingly, all of the estimated hybrid individuals occurred on blue cohosh (i.e. the population of H. yasutomii). It has previously been shown that F 1 hybrid individuals prefer blue cohosh to thistle (Katakura & Hosogai, 1997) , which may explain this distribution bias.
The hybrid index based on AFLP did not indicate the same direction of gene flow as was estimated using the mitochondrial gene. However, these results are not directly comparable because of several differences in the nature of these two markers and methods. Specifically, the mitochondrial sequence has a few informative sites, making it sensitive to historical migration, whereas the hybrid index analysis using AFLP loci is based on binary data, enabling the detection of a rational genomic admixture. Therefore, we need to conduct a comprehensive test that includes mark-recapture and more informative molecular markers to determine the exact direction of migration between these species. There are also some technical issues with detecting the amount and direction of gene flow in the presence of a complex demographic history, such as early population divergence (i.e. speciation). In particular, it is cautioned that such a situation may affect the results of an IMa analysis, as the program could erroneously detect asymmetric gene flow even between completely isolated species (Cruickshank & Hahn 2014) . However, the gene flow estimates obtained here were unlikely to have been erroneous because they were supported by two distinct molecular markers and several different methods, including pairwise F ST , the hybrid index, MIGRATE analysis and the joint-distribution option in an IMa analysis, in addition to the normal IMa runs, following the recent suggestion of Hey et al. (2015) .
Because these specialist species have demonstrated high divergence in host use and morphological traits that have been stable over several decades (Katakura, 1997) , our hybridization results clearly demonstrate that the ecological divergence has been well maintained by natural selection even in the presence of ongoing gene flow. As these specialist species possess few isolating barriers that are strictly related to the different hosts used, such as habitat isolation (Hirai et al. 2006) , immigrant inviability (Katakura et al. 1989 ) and ecological hybrid inviability (Kuwajima et al. 2010) , we conclude that the ecological divergence of these species is sufficient to maintain the species boundaries, including neutral genomic regions. This maintenance is critical evidence for the large contribution that divergence adaptation to different host plants makes to incipient speciation, as has been demonstrated in other well-known examples of phytophagous insects (Bush, 1969; Via 1999; Pappers et al., 2002; Matsubayashi and Katakura 2009; Peccoud et al., 2009; Matsubayashi et al. 2011) .
In general, ecological divergence can occur in the presence of gene flow through positive feedback between the evolution of adaptive divergence and a reduction in the amount of gene flow depending on the dispersal distance (R€ as€ anen & Hendry, 2008) . Because the dispersal distance of these ladybird beetles is quite limited < 10 m during the lifetime under normal conditions in the wild (Ohgushi, 1983 ) -selection that is related to the high specialization for their original host plant may exceed the effects of gene flow over a small dispersal distance. Thus, host fidelity, which limits their dispersal on their original host plant, acts as an effective isolating barrier by enhancing local adaptation, as reported in other host-dependent populations of ladybird beetles (Matsubayashi et al., 2011 (Matsubayashi et al., , 2013 . On the other hand, exactly what factor eliminates the genotype from the alternative species from occurring on a particular host plant following hybridization remains unknown. Although a previous study has detected reduced larval survivorship in the F 1 hybrid and backcrosses specifically on the thistle (Kuwajima et al. 2010) , this effect does not seem to be strong enough to remove the hybrid's genotype from the population. Therefore, a more detailed study to measure the fitness components of hybrid individuals is required to understand the realized contribution of this ecologically dependent post-mating isolating barrier.
Heterogeneous genomic divergence
The outlier analysis detected a few DH outliers that occupied approximately 1% of all loci among the three beetle species (Table S6) . Because of the low coverage of AFLP loci (i.e. < 700 loci for 2n = 20 chromosomes and 1.0-1.4-Gbp genome sizes in these beetle species [Tsurusaki et al., 1993; Matsubayashi & Ohshima, 2015] ), it is unlikely that these DH outliers are located directly in the genomic region that is responsible for host differentiation but rather they are likely to be loosely linked to the selected region. This genomic island model (Wu 2001 ) is currently a rather controversial topic in the genomics of speciation because this pattern of partial genomic divergence could arise in the absence of gene flow (Cruickshank & Hahn 2014) . However, our results provide solid evidence of ongoing gene flow and for partial genomic divergence being maintained by natural selection. It has recently been argued that divergent adaptation to different environments Funk et al., 2011; Cooke et al. 2012 ) and the geographic segregation of suitable environments (Sobel et al., 2010) make a large contribution towards restricting gene flow, even between intraspecific populations, as well as the simple effect of isolation by distance (IBD) (Sexton et al., 2014) . The present MMRR analysis demonstrated that IBD has a large effect on genetic divergence over putatively neutral markers such as the mitochondrial gene and nonoutlier AFLP loci, but not in DH outliers and other outliers. By contrast, a significant effect of isolation by adaptation was detected only for F ST in the DH outliers (Table 3) . These results suggest that divergent adaptation maintains partial genetic divergence at a specific genomic region that is related to ecological divergence, whereas geographic distance acts more broadly to cause whole-genomic divergence, although it should be noted that the positive correlation between host use and DH outliers can lead to some circular arguments.
Phylogenetic relationships of these species
So what are the phylogenetic relationships among these beetles, and what historical processes have led to the evolution of their different host ranges and thus speciation? Although the mitochondrial haplotype network indicates a recent radiation of these species, the genetic structure (PCoA) based on all AFLP loci indicated that these species have polyphyletic relationships (Fig. 4) . Eight populations of the three species were clustered not by their host range, but rather by geographic locality. Furthermore, the clear pattern of IBD across these populations also indicates the polyphyletic origin of these species, whereby they formed multiply and independently from ancestral polymorphic populations that were previously spread throughout these areas. Thus, these results indicate parallel speciation, which is a typical signature trait of convergent speciation to similar environments (Johannesson, 2001) , as observed in sticklebacks (Rundle et al., 2000) , Littorina intertidial gastropods (Quesada et al. 2007; Johannesson et al., 2010) and Timema walking sticks (Nosil et al., 2002) .
It should be noted, however, that both the polyphyletic clustering of species and the observed pattern of IBD could arise from intensive genomewide gene flow between geographically adjacent populations (Galindo et al., 2009) . The large extent of gene flow after secondary contact can immediately erase the historical signal of neutral markers and generate geographic clustering of populations of different species that are adapted to different environments, even if each of the species was formed singly (Bierne et al., 2013b) . We are unable to determine whether the estimated migration rate between the specialist beetle species is large enough to overwrite the historical vestiges of divergence. Thus, the statistical limitations of both AFLP binary data and the number of markers make it impossible to draw any conclusions about the exact origin of these species. More detailed genomewide molecular markers will shed light on the historical origin of these species.
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